Deposition of insoluble protein aggregates is a hallmark of neurodegenerative diseases. The universal presence of β-amyloid and tau in Alzheimer's disease (AD) has facilitated advancement of the amyloid cascade and tau hypotheses that have dominated AD pathogenesis research and therapeutic development. However, the underlying etiology of the disease remains to be fully elucidated. Here we report a comprehensive study of the human brain-insoluble proteome in AD by mass spectrometry. We identify 4,216 proteins, among which 36 proteins accumulate in the disease, including U1-70K and other U1 small nuclear ribonucleoprotein (U1 snRNP) spliceosome components. Similar accumulations in mild cognitive impairment cases indicate that spliceosome changes occur in early stages of AD. Multiple U1 snRNP subunits form cytoplasmic tangle-like structures in AD but not in other examined neurodegenerative disorders, including Parkinson disease and frontotemporal lobar degeneration. Comparison of RNA from AD and control brains reveals dysregulated RNA processing with accumulation of unspliced RNA species in AD, including myc boxdependent-interacting protein 1, clusterin, and presenilin-1. U1-70K knockdown or antisense oligonucleotide inhibition of U1 snRNP increases the protein level of amyloid precursor protein.
Deposition of insoluble protein aggregates is a hallmark of neurodegenerative diseases. The universal presence of β-amyloid and tau in Alzheimer's disease (AD) has facilitated advancement of the amyloid cascade and tau hypotheses that have dominated AD pathogenesis research and therapeutic development. However, the underlying etiology of the disease remains to be fully elucidated. Here we report a comprehensive study of the human brain-insoluble proteome in AD by mass spectrometry. We identify 4,216 proteins, among which 36 proteins accumulate in the disease, including U1-70K and other U1 small nuclear ribonucleoprotein (U1 snRNP) spliceosome components. Similar accumulations in mild cognitive impairment cases indicate that spliceosome changes occur in early stages of AD. Multiple U1 snRNP subunits form cytoplasmic tangle-like structures in AD but not in other examined neurodegenerative disorders, including Parkinson disease and frontotemporal lobar degeneration. Comparison of RNA from AD and control brains reveals dysregulated RNA processing with accumulation of unspliced RNA species in AD, including myc boxdependent-interacting protein 1, clusterin, and presenilin-1. U1-70K knockdown or antisense oligonucleotide inhibition of U1 snRNP increases the protein level of amyloid precursor protein.
Thus, our results demonstrate unique U1 snRNP pathology and implicate abnormal RNA splicing in AD pathogenesis.
proteomics | liquid chromatography-tandem mass spectrometry | U1A | RNA-seq | premature cleavage and polyadenylation D eposition of insoluble protein aggregates is a prominent feature of neurodegenerative diseases. Identification of the aggregated proteins provides crucial insights into molecular pathogenesis, such as β-amyloid (Aβ) and tau in Alzheimer's disease (AD) (1-3), α-synuclein in Parkinson disease (PD) (4, 5) , and TDP-43 in ubiquitin-positive frontotemporal lobar degeneration (FTLD-U) and amyotrophic lateral sclerosis (ALS) (6) . In AD, studies of amyloid (7) and tau (8) have provided extensive knowledge concerning pathogenic mechanisms; however, the underlying etiology of the disease remains incompletely understood (9) .
Unbiased approaches have great potential to shed new light on AD pathogenesis. For example, genome-wide association studies have identified a growing list of more than 10 genes linked to AD risk. Advances in proteomics technologies (10, 11) allow unparalleled opportunities to directly examine protein level differences in neurodegenerative diseases. These differences can be used to develop biomarkers of disease and provide insights into disease pathogenesis. Feasibility of a proteomics approach as well as disease-relevant changes have been described in both plasma (12) (13) (14) and cerebrospinal fluid (15) (16) (17) , highlighting the utility of proteomics in biomarker development. We, and others, have also demonstrated the potential for this approach in identifying neurodegenerative-specific changes in postmortem brain tissues. Using subproteome studies, constituents of isolated amyloid plaques (18) , AD hippocampus (19) , cortical Lewy bodies (20) , AD membrane fraction (21) , and specific phosphorylation sites in neurofibrillary tangles (22) were identified. Using broader discovery proteomics, we demonstrated unique candidate proteins in both AD (23, 24) and FTLD-U (25) .
To achieve more detailed characterization of abnormally aggregated proteins in AD, we undertook a comprehensive study of the human brain-insoluble proteome in AD and other neurodegenerative diseases by liquid chromatography-tandem mass spectrometry (LC-MS/MS). Among the proteins that accumulate in the AD-insoluble proteome, we identified several components of the U1 small nuclear ribonucleoprotein (U1 snRNP), which is a constituent of the spliceosome complex responsible for RNA processing. Pathological examination demonstrated striking and widespread accumulation of extranuclear aggregated U1 snRNP components in neuronal cell bodies. Functional consequences of these observations were reflected in widespread alterations in RNA processing in human AD brains. Our findings demonstrate a unique pathological association and suggest that disruption of neuronal RNA processing may play a key role in AD pathogenesis.
Results and Discussion
LC-MS/MS Analysis Reveals an Enrichment of U1 snRNP in the AD Proteome Compared with Other Neurodegenerative Proteinopathies.
We designed a pooling strategy with replicates (26) to simplify the analysis of protein aggregates in cortical tissue harvested from 10 AD and 10 age-matched, nondemented cases ( Fig. 1A ; Fig. S1 , and Dataset S1). Aggregated proteins typically show low This article is a PNAS Direct Submission.
Data deposition: The sequences reported in this paper has been deposited in the ProteomeXchange database, www.proteomexchange.org (identifier PXD000067); and raw RNA-seq files have been deposited in the National Center for Biotechnology Information Sequence Read Archive database, www.ncbi.nlm.nih.gov/sra (accession no. SRA060572). solubility and differential extraction with the anionic detergent sarkosyl has been commonly used to enrich for aggregated tau (27) , α-synuclein (28), and TDP-43 (6) . We thus prepared and analyzed sarkosyl-insoluble fractions by gel electrophoresis (Fig.  1B) and LC-MS/MS. A total of 4,216 proteins were identified (<1% false discovery rate; raw data has been deposited at www. proteomexchange.org, identifier PXD000067), and 36 proteins accumulated in AD (<5% false discovery rate by two statistical approaches; Table 1 ). As expected, Aβ and tau were abundantly enriched in AD, together with other known proteins regulating Aβ metabolism (29) . Consistent with the notion that inflammation (30) , phosphorylation networks (8), synaptic plasticity (31), and mitochondrial regulation (32) are altered in AD, we found that numerous proteins involved in these pathways are preferentially enriched in the disease tissues. Interestingly, we observed that two subunits (U1-70K and U1A) of the U1 snRNP and the associated RNA helicase Prp5 (33) were highly elevated in the AD-insoluble proteome, indicating possible deposition of the U1 snRNP.
We used the same proteomics strategy to analyze cases of PD, FTLD-U, ALS, and corticobasal degeneration (CBD; Dataset S1), and determined whether the U1 snRNP changes are specific to AD or common in other diseases with protein aggregates. We also studied cases of mild cognitive impairment (MCI), which is often a prodromal stage of AD, to determine if proteomic changes occur early in the disease. As anticipated, the level of detergent insoluble tau was high in AD and CBD (a prototypical tauopathy), lower in MCI, and barely detectable in PD, FTLD-U, and ALS ( Fig. 1 C and D) ; Aβ also showed a marked increase in AD, a moderate increase in MCI, but no accumulation in the other diseases. Importantly, the levels of insoluble U1-70K and U1A were highly correlated with that of Aβ rather than tau, supporting the conclusion that U1 snRNP accumulation is specific to AD and occurs early during the disease development.
To confirm the proteomic changes and further analyze the aggregation of U1 snRNP proteins in individual cases, we used specific antibodies (Fig. S2 ) to probe for U1-70K and U1A in brain extracts ( Fig. 1 E and F) . The detergent insoluble U1-70K was increased in all 10 AD cases as well as in 7 of 10 MCI cases; U1A accumulated in 8 of 10 AD cases. In contrast, U1-70K was not aggregated in any other cases of PD, FTLD-U, FTLD-tau, and CBD, except in three PD samples. Reexamination of these three PD cases with additional histochemical staining identified coexisting AD plaque and tangle pathology. These data strongly validate the uniqueness of U1 snRNP accumulation to AD.
Biochemical Confirmation of U1 snRNP Alterations in AD. We next sought to examine the total protein level of U1-70K and to characterize U1-70K biochemically in the AD brain. Samples were homogenized and extracted using three buffers with increasing stringency: a low-salt buffer, a sarkosyl-containing solution, and 8 M urea (Fig. 1G) . In a comparison of AD and control cases (Fig. 1H) , U1-70K displayed no obvious difference Results of two control case pools (Ctl1 and Ctl2) and two AD case pools (AD1 and AD2). These proteins elevated in AD were analyzed by two statistical approaches (false discovery rate <5%) with accession no. in National Center for Biotechnology Information Reference Sequence Database. Aβ, ApoE, tau, and RNA splicing factors are shaded. *Spectral counts are used as a quantitative index.
in either the total homogenate or the sarkosyl soluble fraction. Intriguingly, the low salt-extracted U1-70K was decreased in AD cases (∼threefold difference; P < 0.01; Fig. S3 ). This result, together with the enrichment of U1-70K in the sarkosyl-insoluble (i.e., urea) samples, indicates that the biophysical characteristics of U1-70K are altered in AD, resulting in its aggregation and depletion from the low salt-soluble pool. These findings suggest a possible loss of U1-70K function in AD.
Aggregation of protein fragments is common in neurodegeneration (34, 35) . We found that in the AD samples, U1-70K was identified by mass spectrometry in two regions of the SDS gels (∼70 kDa and ∼40 kDa; Fig. 1B) , and the 40-kDa region contained only N-terminal peptides of U1-70K. The heterogeneous N-terminal fragments were confirmed by immunoblotting using antibodies specific to either N terminus or C terminus of U1-70K (Fig. 1I) . Thus, U1-70K is internally cleaved and the resulting N-terminal fragments are detected in the detergent-insoluble proteome. We examined U1-70K for characteristics of prion-like domains (PrLDs) that were recently identified in heterogeneous nuclear ribonucleoproteins (hnRNP) in multisystem proteinopathy and ALS (36) . Though structural analysis (37) indicates that the first 100-residue region in U1-70K is intrinsically disordered and may contribute to the aggregation process, no PrLDs were identified.
U1 snRNP Forms Tangle-Like Inclusions in AD Brain. Immunohistochemical analysis was performed to examine the localization and accumulation of U1 snRNP components in AD. These studies revealed that U1-70K and U1A form cytoplasmic tangle-like aggregates in 17/20 and 9/10 AD cases, respectively, but not in controls (Fig. 2 A-D ; Dataset S1). These pathological changes were not present in FTLD-U and FTLD-tau cases (Fig. 2 E-H) despite the presence of TDP-43 ( Fig. 2F) and tau (Fig. 2H) pathology. PD and CBD cases also did not show abnormal accumulations of U1 snRNP protein components (Dataset S1). Antibodies against the 2,2,7-trimethylguanosine cap that is characteristic of spliceosomal RNAs also stained cytoplasmic tangle-like aggregates (Fig. S4 M and N) , and quantitative RT-PCR showed enrichment of U1 snRNA in the AD-insoluble fraction (Fig. S5A) . Other RNA splicing factors, such as hnRNP A/B, recently suggested as a dysfunctional splicing factor in AD (38) , and serine/arginine repetitive matrix protein 2 (SRRM2), did not demonstrate tangle-like aggregates, suggesting that this may be a U1 snRNP-specific process (Fig. S4 A-D) . Although pure tauopathies (e.g., FTLD-tau and CBD) do not show U1-70K aggregation, double staining of AD cases indicates that U1-70K inclusions are closely associated with tau-immunoreactive neurofibrillary tangles (NFTs; Fig. 2 I-L) , implying possible relationship between the mechanisms of U1-70K and tau deposition in AD. To better define the relationship of U1-70K pathology to that of NFTs, we examined hippocampus and temporal, frontal, and occipital cortices of AD cases with progressively severe neurofibrillary pathology (Braak stages 0, III, and VI). The appearance of U1-70K spreads across the brain in a sequence similar to that seen for tau NFTs (Fig. S4O) . Dramatic progression in U1-70K pathology between Braak stage III and VI leads to uniform accumulation in all brain regions (Fig. S4 E-L) . These data are highly consistent with our biochemical analyses, strongly demonstrating specific U1 snRNP pathology in AD.
Deep RNA Sequencing Demonstrates Splicing Abnormalities in AD.
The biochemical and pathological changes in U1 snRNP components in AD brains suggest a possible loss of nuclear spliceosome activity. Though alternative splicing of specific genes has been previously reported (39) , global disruption of RNA processing has never been suggested in AD. To address this possibility, we performed deep RNA sequencing (40) of frontal cortex RNAs using two independent sample groups from the brain banks of Emory University (four control and five AD cases) and the University of Kentucky (UKY; three control and three AD cases). In both groups, a higher proportion of AD brain-derived reads mapped to intronic sequences of known genes (P = 0.041 in Emory cases, P = 0.003 in UKY cases; Fig. 3A) . For individual genes, we further defined the ratio between length-normalized intronic and exonic reads as a splicing deficiency score. The distribution of the splicing deficiency scores of all mapped genes clearly indicated splicing defects in AD (n = 10,490 in Emory group, n = 14,583 in UKY group; P < 2.2 × 10 −16 in both groups; Fig. 3B) . A large number of genes were affected in AD (3,014 genes with high splicing deficiency scores in both Emory and UKY AD cases, 5% false discovery rate, by two statistical approaches; Fig. 3B and Dataset S2). To confirm these findings, we applied the NanoString approach (41) to analyze 12 selected transcripts implicated in AD pathogenesis using high-quality RNA samples (average RNA integrity number score = 8.0; 14 control and 15 AD cases; Dataset S1). For each gene, we quantified the ratio between pre-mRNAs and mature mRNAs, comparing abundance of exon1-intron1 junction sequences to exon1-exon2 junction sequences, as a measure of splicing efficiency. The splicing efficiency for eight transcripts in the AD cases showed significant reduction (i.e., a relative increase in intron 1-containing RNAs; P < 0.05; Fig. 3C and Dataset S3). Finally, using traditional quantitative RT-PCR methods, we validated the results for three transcripts genetically linked to AD pathogenesis: myc boxdependent-interacting protein 1, clusterin, and presenilin-1 (Fig.  S5B) . Taken together, these results strongly support a profound alteration in RNA processing in AD.
In addition to a role in splicing, U1 snRNP is recruited to nascent transcripts to suppress premature cleavage and polyadenylation (PCPA) on cryptic poly(A) sites, and moderate inhibition of U1 snRNP by antisense morpholino oligonucleotide (AMO) leads to PCPA in a 5′-3′ direction (42) . We did not perform high-throughput sequencing of differentially expressed transcripts (43) in our experiments and did not have sufficient data to fully assess potential changes in telescripting in AD; however, examination of RNA sequencing (RNA-seq) data revealed more poly(A)-containing reads in the 5′ end of transcripts among AD cases than controls in both Emory and UKY groups (n = 13,315 in Emory group, n = 11,431 in UKY group; P < 1 × 10 −14 in both groups; Fig. 3D ). These data suggest the intriguing possibility that partial loss of U1 snRNP function in AD might result in increased PCPA in addition to altered splicing.
U1 snRNP Deficiency Alters Amyloid Precursor Protein (APP) Expression
and Aβ Levels. To assess U1 snRNP loss of function in an experimental system, we performed U1-70K knockdown in HEK293 cells and sought to determine possible effects on APP metabolism. U1-70K knockdown (<10% remaining) induced an increase in endogenous APP and Aβ40 compared with the scrambled siRNA control (Fig. 3E and Fig. S6A ). Human APP has three isoforms (APP 770 , APP 751 , and APP 695 ) generated by alternative splicing (44) . RT-PCR analysis indicated that U1-70K knockdown resulted in a decrease of APP 770 transcript and an increase of APP 751 and APP 695 transcripts (Fig. S6B) . This up-regulation of APP and Aβ40 was also observed in differentiated SH-SY5Y neuroblastoma cells (Fig. S6 C-E) . In addition to U1-70K knockdown, U1 AMO inhibition of U1 snRNP function elevated APP level as well (Fig. 3 F and G) . Though we did not observe an obvious isoform-switching phenomenon in human brain, NanoString experiments found an increase in RNA species containing contiguous exon1-intron1 sequences for APP in AD (P = 0.068; Fig. 3C ). These results indicate that disruption of RNA splicing function may result in mechanistically relevant changes in APP expression. We have discovered U1 snRNP proteinopathy and global RNA processing defects in the AD brain, and a role for U1-70K in APP metabolism. The dysregulation of core RNA splicing machinery in AD was unexpected; remarkably, it is highly disease-specific, occurs early, and is widespread in AD cases. The malfunction of these core splicing factors provides important insight into molecular mechanisms outside of Aβ and tau that contribute to AD.
Methods
Case Materials. Human postmortem frozen and paraformaldehyde-fixed tissues from cortical areas were provided from clinically and pathologically well-characterized cases at the Alzheimer's Disease Research Center (ADRC) Brain Bank at Emory University, Rush Alzheimer's Disease Center's Religious Orders Study at Rush University Medical Center, the University of Washington ADRC, and the University of Kentucky ADRC, with signed informed consents for the studies (Dataset S1). Diagnoses were made in accordance with established criteria and guidelines of control and AD (45, 46) , MCI (47, 48) , PD (49), FTLD-tau (50, 51), FTLD-U (50, 51), ALS (52) , and CBD (53, 54) . Details of proteomic and RNA-seq analyses, Western blot, immunohistochemical staining, RT-PCR, U1-70K knockdown, and U1 snRNP inhibition procedures are described in SI Methods.
